In this work, a novel processing method called powder thixoforming was proposed to prepare composites reinforced with 50 vol % of SiC particles (SiC p ) that were used for electronic packaging in order to investigate the effects of remelting duration on its microstructure and properties. Optical Microscope (OM), Scanning Electron Microscope (SEM), X-ray Diffraction (XRD) and Transmission Electron Microscope (TEM) methods were applied for the material characterization and the corresponding physical and mechanical properties were examined in detail. The obtained results indicate that the remelting duration exerted a large effect on the microstructure as well as the SiC p /Al interfacial reaction. The density and hardness of the composite continuously increased with increasing remelting duration. The thermal conductivity (TC) and bending strength (BS) first increased during the initial 90 min and then decreased. The remelting duration exerted a limited influence on the coefficient of thermal expansion (CTE). The optimal TC, BS, and hardness of these composites were up to 135.79 W/(m·K), 348.53 MPa, and 105.23 HV, respectively, and the CTE was less than 6.5 ppm/K after the composites were remelted at 600 • C for 90 min. The properties of the composites could thus be controlled to conform to the application requirements for electronic packaging materials.
Introduction
Composites of Al and a high volume fraction of SiC particles are expected to develop into one of the most widely used electronic packaging or thermal management materials because of their excellent thermal and mechanical properties, such as low coefficient of thermal expansion, high thermal conductivity, high modulus, and low density [1] [2] [3] [4] [5] [6] . So far, several methods have been developed to fabricate this kind of composites, for instance, squeeze casting, powder metallurgy (PM), and vacuum/pressure infiltration. However, all of these methods have obvious shortcomings. As the main method used to fabricate high-volume-fraction-SiC p /Al composites (SiC p is short for SiC particles), vacuum/pressure infiltration can produce SiC p /Al composites with high performance and low porosity, but the cost of equipment and molds is quite high. Besides, the technical procedure is long, and the process implementation is relatively complex [7] [8] [9] . Nevertheless, as a novel technology for preparing particle-reinforced metal composites that combines the merits of powder metallurgy and thixoforming, powder thixoforming (PTF) has many advantages such as uniform particle distribution, compact microstructure, and near-net-shape components with complex geometries [10, 11] . The blending and pressing steps of PM are utilized to prepare ingots with high volume fraction and uniform distribution of reinforcing particles in the matrix; the ingots are then partially remelted and thixoformed. This technology can be expected to produce composite components with uniform distribution of reinforcing particles as well as few or no voids. At the same time, the process is simple and thus the cost is comparatively lower than that of vacuum/pressure infiltration technology. Unfortunately, most published research on PTF focused mainly on the microstructural evolution during partial remelting [12] and mechanical properties of the resulting composites [13] . More recently, Li et al. [14] applied PTF to fabricate SiC p /2024 Al-based composites and investigated the effects of mold temperature on its microstructure and tensile properties. Moreover, Zhang et al. [15] utilized the same PTF method to produce SiC p /6061 Al composites and studied the effects of solution treatment on its tensile properties, and the corresponding strengthening mechanisms were also quantitatively discussed. However, most of the aforementioned researches were concerned about the composites with a low volume fraction of SiC particles. Only a few studies involved high-volume-fraction-SiC p /Al composites fabricated by PTF, but they concentrated on the effects of parameters, such as content of alloying elements, remelting temperature [16] , and ratio of reinforcement particles with different sizes [17] , on the microstructure and properties of the resulting composites. Relatively little attention has been paid to the remelting duration, which can be a very important factor in the interfacial reaction between the SiC particles and Al. The objective of this paper was to report the effect of remelting duration on the microstructures, thermal physical properties and mechanical properties of PTF SiC p /Al composites. The obtained results shed light on the optimal remelting duration under which the properties of the composites could thus be controlled to conform with the application requirements for electronic packaging materials.
Materials and Methods

Fabrication of SiC p /Al Composites
In this study, Al-13Si (wt %) alloy powder with a particle size of 20 µm (Changfeng factory, Lanzhou, China) and SiC particles with an average particle size of 100 µm (Changfeng factory, Lanzhou, China) were used as the matrix and reinforcements, respectively. To remove surface impurities from the SiC particles, they were washed with a solution of 10% hydrochloric acid (Kejia Chemical Company, Ningbo, China). The particles were then cleaned with distilled water 3-4 times and dried at 140 • C (the oxidization onset temperature of SiC was evidenced to be 800-850 • C [18] ) for 12 h in order to fully eliminate the used water. The chemical compositions of the SiC particles and Al-Si alloy powder are given in Table 1 . The aluminum-silicon alloy powder and SiC particles were mixed at a 50:50 volume ratio in an ND7-21 planetary ball-milling machine (Nanjing Laibu Technology Industry Co., Ltd., Nanjing, China) at a rotation speed of 120 rad/min for 40 min. Specimens with dimensions of Φ45 mm × 30 mm were used as the starting ingots of thixoforming; they were obtained by cold pressing the mixed powder under an optimized pressure of 140 MPa on a hydraulic machine. The ingots were heated in a vacuum resistance furnace for different durations ranging from 45 to 120 min at 600 • C. The heated ingots were then quickly transferred to a forging mold (Changfeng factory, Lanzhou, China) with a cavity of Φ45 mm × 70 mm and forged under a pressure of 120 MPa. Thixoformed products prepared with different remelting durations were obtained.
Material Characterization
Subsequently, all kinds of specimens used in this work were machined from the central region of these thixoformed products. Specimens with dimensions of Φ12.5 mm × 2.5 mm were used for thermal conductivity (TC) measurements with a laser flash thermal analyzer (LFA 457, NETZSCH, Bavaria, Germany); Specimens with dimensions of 3 mm × 4 mm × 25 mm were used for measurements of the coefficient of thermal expansion (CTE) with a thermal dilatometer (DIL 402EP, NETZSCH, Bavaria, Germany); Both of three tests were averaged for TC and CTE in this work. Specimens with dimensions of 4 mm × 5 mm × 35 mm were used to examine variations in their bending strength (BS) with a universal material testing machine (AG-10TA, Shimadzu, Kyoto, Japan) by using a three-point bending test, and five values were averaged for each composite.
The microstructure and fractography of the specimens were observed on a MeF3 optical microscope (OM; Nikon Instruments, Shanghai, China), a QUANTA FEG 450 scanning electron microscope (SEM; FEI, Hillsboro, OR, USA), and a high-resolution transmission electron microscope (TEM; JEM-2010, JEOL, Akishima, Japan). TEM foils were prepared by standard mechanical and ion-beam thinning techniques using a Gattan-691 precision ion polishing system with liquid-nitrogen cooling. The hardness were examined using an optical Brinell-Rockwell-Vickers hardness tester (HBRVU-187.5, Shanghai, China). The obtained OM images were analyzed by Image-Pro Plus 6.0 software (Media Cybernetics Company, Silver Spring, MD, USA), and the ratio of the pore area to the entire area was defined as the pore content. The average of five hardness measurements at different locations of each specimen was used as the hardness of the thixoforged product. Some typical fracture surfaces and their side views were observed with the SEM. The Archimedes method was utilized to measure the density of the products and the measuring details can be found elsewhere [19] .
Results and Discussion
Microstructure
Typical OM micrographs of the resulting SiC p /Al composites are presented in Figure 1 , demonstrating that the SiC particles were uniformly distributed in the Al matrix in all of the products. The pore content (marked by arrows) obviously decreased with increasing remelting duration. The quantitative examination results in Table 2 more clearly present this trend. In addition, the pores' size also decreased as remelting duration increased (Table 2) . In other words, the compactness of the microstructure was improved by increasing the melting time, which can be evidenced by the relative density ( Table 2) .
It should be noted that prolonging the remelting duration could enhance the microstructure's compactness, but this could also promote an interfacial reaction between the Al melt and SiC particles as follows:
Owing to the interfacial reaction between Al melt and SiC, an increase in remelting duration was expected to enhance the fluidity of the Al melt and the wettability by SiC particles by decreasing the contact angle between SiC particles and the Al melt [20] , since the increase in Si content resulting from the interfacial reaction tend to degrade the viscosity of the liquid and the transformation of the interface between SiC particles and Al melt was also caused by the reaction, which would improve the infiltration of the melt into the pores between the SiC particles during the remelting stage and the subsequent thixoforming stage, consequently reducing the amount of pores in the obtained composite. As seen in Figure 1 , the morphology of the SiC particles changed from the original multi-angled shape to a spheroidal structure as the remelting duration increased. This indicates that the SiC particles were corroded by the Al melt and the interfacial reaction occurred in the composites during the remelting process, especially the one with a long remelting duration. Figure 2 depicts the XRD patterns of the composites corresponding to those in Figure 1 . The peak of the Al 4 C 3 crystal appeared until the remelting duration was extended to 105 min, and it should be observed that such Al 4 C 3 peak of the composite remelted for 120 min is much higher than the one remelted for 105 min, indicating that the longer remelting duration led to the more serious reaction shown in Equation (1) . The generated Al 4 C 3 could not only react with the atmospheric moisture to degrade the properties of the composites, but also offer interfacial thermal resistance to reduce the TC of the composites by 20%-30% depending on the extent of the reaction [21] [22] [23] . Moreover, Masayuki et al. [24] further indicated that a strong interface bonding resulted from the tendency for the Al 4 C 3 reaction layer to form a semi-coherent interface with the aluminum matrix, and it can be deduced that the semi-coherent interface should give rise to the increase of interfacial thermal resistance to reduce the TC of the composites. Therefore, the composite remelted at 90 min can be expected to exhibit the optimal TC value because few amount of pores and interfacial reaction products occurred in the composite remelted for 90 min. As seen in Figure 1 , the morphology of the SiC particles changed from the original multi-angled shape to a spheroidal structure as the remelting duration increased. This indicates that the SiC particles were corroded by the Al melt and the interfacial reaction occurred in the composites during the remelting process, especially the one with a long remelting duration. Figure  2 depicts the XRD patterns of the composites corresponding to those in Figure 1 . The peak of the Al4C3 crystal appeared until the remelting duration was extended to 105 min, and it should be observed that such Al4C3 peak of the composite remelted for 120 min is much higher than the one remelted for 105 min, indicating that the longer remelting duration led to the more serious reaction shown in Equation (1) . The generated Al4C3 could not only react with the atmospheric moisture to degrade the properties of the composites, but also offer interfacial thermal resistance to reduce the TC of the composites by 20%-30% depending on the extent of the reaction [21] [22] [23] . Moreover, Masayuki et al. [24] further indicated that a strong interface bonding resulted from the tendency for the Al4C3 reaction layer to form a semi-coherent interface with the aluminum matrix, and it can be deduced that the semi-coherent interface should give rise to the increase of interfacial thermal resistance to reduce the TC of the composites. Therefore, the composite remelted at 90 min can be expected to exhibit the optimal TC value because few amount of pores and interfacial reaction products occurred in the composite remelted for 90 min. Figure 3 shows TEM micrographs and corresponding diffraction patterns of products generated at the interface after being remelted for 90 and 105 min. Figure 3a shows a clear and smooth SiCp-Al interface, indicating that the interfacial reaction is not serious because the products of the interfacial reaction can not be clearly observed during the relatively shorter duration of 90 min. Moreover, when the remelting duration was further extended to 105 min, the edges of the SiC particles were severely eroded by the aluminum alloy, as shown in Figure 3b , and the SiCp-Al interface was quite rough. Many needle-like Al4C3 crystals (marked by arrows in Figure 3b ) were attached parallel to the SiCp-Al interface. The corresponding diffraction patterns shown in Figure  3b also confirm the existence of Al4C3 in this composite after a remelting duration of 105 min. This is consistent with report by Shi et al. [25] that longer holding time led to larger reaction degree between SiCp and Al. Results from earlier studies [26, 27] disclosed that the formation mechanism of Al4C3 crystals is based on such a concentration gradient that leads to possible further consumption of SiC and further growth of Al4C3 crystals by migration of carbon atoms, which diffuse in the liquid phase. Figure 3 shows TEM micrographs and corresponding diffraction patterns of products generated at the interface after being remelted for 90 and 105 min. Figure 3a shows a clear and smooth SiC p /Al interface, indicating that the interfacial reaction is not serious because the products of the interfacial reaction can not be clearly observed during the relatively shorter duration of 90 min. Moreover, when the remelting duration was further extended to 105 min, the edges of the SiC particles were severely eroded by the aluminum alloy, as shown in Figure 3b , and the SiC p /Al interface was quite rough. Many needle-like Al 4 C 3 crystals (marked by arrows in Figure 3b ) were attached parallel to the SiC p /Al interface. The corresponding diffraction patterns shown in Figure 3b also confirm the existence of Al 4 C 3 in this composite after a remelting duration of 105 min. This is consistent with report by Shi et al. [25] that longer holding time led to larger reaction degree between SiC p and Al.
Results from earlier studies [26, 27] disclosed that the formation mechanism of Al 4 C 3 crystals is based on such a concentration gradient that leads to possible further consumption of SiC and further growth of Al 4 C 3 crystals by migration of carbon atoms, which diffuse in the liquid phase. In summary, the extension of the remelting duration could decrease the amount of pores in the composite microstructure and thus enhance its density. The composite that remelted at 90 min can be expected to exhibit the optimal TC value because the low amount of pores existed in this composite and no excessive interfacial reaction occurred. However, further enhanced remelting after 90 min could promote the formation of harmful Al4C3 near the SiCp-Al interface, which could decrease the TC.
Thermal Physical Properties
Thermal Conductivity of SiCp-Al Composites
The experimental values of TC of the SiCp-Al composites are plotted in Figure 4 . TC first increased during the period of 45 to 90 min, reached the maximum value of 135.79 W/(m·K) at 90 min, and decreased thereafter. As reported in a previous research, electronic packaging technology requires a minimum TC of 100 W/(m·K) [28] . Therefore, the obtained composite remelted for 90 min could fully meet this requirement.
In an attempt to gain a theoretical understanding of the effect of remelting duration on the TC of the SiCp-Al composites, a model proposed by Hasselman and Johnson (H-J model), which has been widely used for the TC prediction of particle-reinforced composite [29] , was utilized to predict the TC of the present composites. Hasselman and Johnson have shown that the TC of a composite with continuous matrix and dilute volume fraction of spherical reinforcements can be expressed as follows: In summary, the extension of the remelting duration could decrease the amount of pores in the composite microstructure and thus enhance its density. The composite that remelted at 90 min can be expected to exhibit the optimal TC value because the low amount of pores existed in this composite and no excessive interfacial reaction occurred. However, further enhanced remelting after 90 min could promote the formation of harmful Al 4 C 3 near the SiC p /Al interface, which could decrease the TC.
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where K eff r is the efficient TC of the reinforcements, and it can be calculated with the following equation
where K represents the TC; the subscripts c, m, and r refer to the composites, matrix (167 W/(m·K) [30] ), and reinforcements (185 W/(m·K) [31] ), respectively; V r is the volume fraction of reinforcements (V SiC ); a is the radius of the spherical reinforcements (50 µm); and h c is the thermal boundary conductance. In order to measure the true volume fraction of SiC particles in each thixoformed composite, cubic specimens with dimensions of 1 cm × 1 cm × 1 cm were cut from the central parts of each composite reheated for 45-120 min. The geometric dimension of these obtained samples (V c ) were measured again by utilizing the vernier caliper to obtain the accurate values of each composites' volume. These samples were then placed into the industrial 40% HF solution (considering that only the HF solution can dissolve Si phase among all the acid solutions) to fully dissolve all the phases consist in the composites except the SiC. Subsequently, the SiC particles were filtrated from the acid solution with the filter paper which was measured to obtain the mass of each paper (M f ). The mixture of filter paper and SiC particles were dried and their mass (M m ) can thus be obtained. In this way, the mass of SiC particles (M SiC ) in the different samples can be measured by:
Three specimens were averaged for each sample. The volume of SiC (V SiC ) can be obtained by: V SiC = M SiC / SiC ( SiC = 3.23 g/cm 3 [31] ). According to the volume of SiC particles and each sample, the volume fraction of SiC particles in the resultant composites can be calculated. The experimental values of the M SiC , V SiC and volume fraction of SiC in each composites remelted for 45-120 min are depicted in Table 3 . The data listed in Table 3 suggested a decrease in the volume fraction of SiC particles when prolonging the remelting duration, due mainly to the gradually enhanced interfacial reactions which could consume certain amounts of SiC particles as a function of remelting duration. More recently, Molina et al. [32] modified the H-J model into a two-step H-J model, and Chu et al. [33] proposed a method called multiple effective media approximation (MEMA) to more precisely calculate TC. They treated the pores as a non-thermally conducting inclusion in the metal matrix, and accordingly, the composites were composed of reinforcements and a pore-containing matrix. Hence, K eff m in Equation (2) can be calculated from
where V p is the volume fraction of pores. The value of h c of the SiC p /Al composites was about 7.10 × 10 7 W/(m 2 ·K) [26] [27] [28] . Figure 4 shows the theoretically calculated data along with the experimental values of TC at different remelting durations. The calculated values of TC increase first with prolonging the remelting duration and then decrease after 90 min, and are found to have the same variation tendency with the experimental values.
The above theoretical calculation implied that the TC was considerably affected by the pores in the composites because the TC of pores was very low [20, 34] . A quantitative examination showed that the pore content continuously decreased when the remelting duration increased from 45 to 90 min (Table 2) , accounting for the slight TC increase as the remelting duration was prolonged from 45 to 90 min. Further extension of the remelting duration degraded the TC owing to the enhanced effect of serious interfacial scattering counteract the beneficial effect of decreasing pore content on TC, which was closely related to the larger amount of generated Al 4 C 3 near the SiC p /Al interface and resulted in an increase in interfacial thermal resistance. The above theoretical calculation implied that the TC was considerably affected by the pores in the composites because the TC of pores was very low [20, 34] . A quantitative examination showed that the pore content continuously decreased when the remelting duration increased from 45 to 90 min (Table 2) , accounting for the slight TC increase as the remelting duration was prolonged from 45 to 90 min. Further extension of the remelting duration degraded the TC owing to the enhanced effect of serious interfacial scattering counteract the beneficial effect of decreasing pore content on TC, which was closely related to the larger amount of generated Al4C3 near the SiCp-Al interface and resulted in an increase in interfacial thermal resistance. It must be noted that the experimental TC values are somewhat lower than the calculated data. There are several possible reasons for this discrepancy. First, the modified H-J model was derived from the H-J model (Equation (2)), however, the microstructure of the present composites was inconsistent with the assumed microstructure in the H-J model. The shape of the SiC particles used in the experiments was not spherical and their volume fraction was quite high. Second, in the modified H-J model, it is presumed that pores exist merely in the matrix and the TC of pores is zero. In this work, however, most of pores existed in the vicinity of SiC particles, as shown in Figure 1 , indicating that the SiCp-Al interface was separated by the pores. It is believed that the thermal scattering by the separated interface was considerable compared to that of pores in the matrix [28, 34] . Moreover, the generated Al4C3 was detrimental to TC since it can react with the atmospheric moisture and offer interfacial thermal resistance to reduce the TC of these composites. The aforementioned reasons could account for the lower experimental values as compared to the calculated theoretical data.
In brief, the experimental TC first increased during the period of 45-90 min owing to the decrease in the amount of pores and reached the maximum value of of 135.79 W/(m·K) at 90 min. It then degraded because of the decrease in SiC volume fraction and the promoted formation of Al4C3 resulted from the further enhanced interfacial reaction. The calculated TC data from the modified H-J model were always higher than the experimental values regardless of the remelting duration. It must be noted that the experimental TC values are somewhat lower than the calculated data. There are several possible reasons for this discrepancy. First, the modified H-J model was derived from the H-J model (Equation (2)), however, the microstructure of the present composites was inconsistent with the assumed microstructure in the H-J model. The shape of the SiC particles used in the experiments was not spherical and their volume fraction was quite high. Second, in the modified H-J model, it is presumed that pores exist merely in the matrix and the TC of pores is zero. In this work, however, most of pores existed in the vicinity of SiC particles, as shown in Figure 1 , indicating that the SiC p /Al interface was separated by the pores. It is believed that the thermal scattering by the separated interface was considerable compared to that of pores in the matrix [28, 34] . Moreover, the generated Al 4 C 3 was detrimental to TC since it can react with the atmospheric moisture and offer interfacial thermal resistance to reduce the TC of these composites. The aforementioned reasons could account for the lower experimental values as compared to the calculated theoretical data.
In brief, the experimental TC first increased during the period of 45-90 min owing to the decrease in the amount of pores and reached the maximum value of of 135.79 W/(m·K) at 90 min. It then degraded because of the decrease in SiC volume fraction and the promoted formation of Al 4 C 3 resulted from the further enhanced interfacial reaction. The calculated TC data from the modified H-J model were always higher than the experimental values regardless of the remelting duration. Figure 5 depicts the experimental values of CTE for composites prepared with different remelting durations. These values were in the range of 6-9 ppm/K, which demonstrated that the CTE values were actually unrelated to the remelting duration. In other words, the CTE values were irrelevant to the volume of pores and the interfacial reaction. The findings of a previous study, which suggested that the CTE of a composite is relatively insensitive to the pores in the microstructure with a continuous metallic phase [35] , are consistent with the results of the present work.
Coefficient of Thermal Expansion of SiC p /Al Composites
and r refer to the composite, matrix, and reinforcements (SiCp), respectively. The value of α of the SiC particles was 4.7 ppm/K [37] Figure 5 also depicts the calculated data obtained from ROM and Turner's model along with the experimental values of CTE of composites prepared with different remelting durations. It is evident that the calculated data from Turner's model are much more consistent with the experimental values than those from the ROM. This can be attributed to the simple and rigid combination of the CTE values of the matrix and reinforcements in the ROM [38, 39] , and the disregard for the modulus difference between the matrix and reinforcements in the ROM. Therefore, in view of the present results, Turner's model should be applied to better predict the CTE of high-volume-fraction particle-reinforced composites. It was reported in a previous study that Turner's model is appropriate for predicting the CTE of low-volume-fraction particle-reinforced Al-Si matrix composites [40] . The present work also confirms that Turner's model can be utilized to predict the CTE of high-volume-fraction composites. Several models can be used to theoretically predict the CTE of the SiC p /Al composites. The most commonly used models include one based on the rule of mixture (ROM) and Turner's model [36] . According to the ROM, the CTE can be expressed as
while according to Turner's model, it can be expressed as
where α is the CTE; V is the volume fraction; K is the modulus; is the density; and subscripts c, m, and r refer to the composite, matrix, and reinforcements (SiC p ), respectively. The value of α of the SiC particles was 4.7 ppm/K [37] and that of the AlSi13 alloy was 19.975 ppm/K [30] . The values of K of SiC particles and the AlSi13 alloy were 227 and 76.21 GPa, respectively [30, 37] . Substituting of 3.2 and 2.674 g/cm 3 for SiC and AlSi13 into these two equations, the calculated CTE by ROM and Turner's model are 12.39-12.59 ppm/K and 9.12-9.29 ppm/K respectively, regarding the true volume fraction of each phase related to different remelting duration. Figure 5 also depicts the calculated data obtained from ROM and Turner's model along with the experimental values of CTE of composites prepared with different remelting durations. It is evident that the calculated data from Turner's model are much more consistent with the experimental values than those from the ROM. This can be attributed to the simple and rigid combination of the CTE values of the matrix and reinforcements in the ROM [38, 39] , and the disregard for the modulus difference between the matrix and reinforcements in the ROM. Therefore, in view of the present results, Turner's model should be applied to better predict the CTE of high-volume-fraction particle-reinforced composites. It was reported in a previous study that Turner's model is appropriate for predicting the CTE of low-volume-fraction particle-reinforced Al-Si matrix composites [40] . The present work also confirms that Turner's model can be utilized to predict the CTE of high-volume-fraction composites.
In short, the CTE values of SiC p /Al composites were actually unrelated to the remelting duration and varied in the range of 6-9 ppm/K. The data calculated from Turner's model are much more consistent with the experimental values than those from the ROM in the present work.
Mechanical Properties of SiC p /Al Composites
High mechanical properties are also required for the use of SiC p /Al composites as electronic packaging material to avoid damage from the pressing, shaking, and impact during the process of assembly and carriage. Figure 6 shows the variations in BS and hardness of the composite with remelting duration. The BS value of the thixoformed composite exhibited an increase from 299.83 to 348.53 MPa as the remelting duration was extended from 45 to 90 min. Further extending the remelting duration decreased the BS from 348.53 to 335.91 MPa. In general, the macro-mechanical properties of composites are closely related to the mechanical properties of each constituent and the matrix-reinforcement interfacial bonding. The high-volume-fraction SiC p /Al composites with brittle SiC particles and a plastic Al matrix were beneficial to the release of stress concentration at the SiC p /Al interface by plastic deformation of the Al matrix and to coordination of the deformation of the composites. The pores that existed in the composites were detrimental to their mechanical properties. As mentioned in Section 3.1, the pore content decreased and the microstructure compactness was improved as the remelting duration increased to 90 min. The values of BS and hardness also continuously increased. However, when the remelting duration exceeded 90 min, the BS value decreased as a result of the effects of the further formation of brittle Al 4 C 3 , which was detrimental to BS. However, since the brittle Al 4 C 3 was beneficial to hardness, the hardness continued to increase after 90 min. Furthermore, in comparison with the lowest BS of the composites remelted for 45 min and the highest one for 90 min, it should be noted that a decrease of 6.7% in porosity (8.64% to 1.96%) induced an enhancement in BS lower than 15% (299.83 to 348.53 MPa). The reason was that the decrease of pores resulted in the augment of BS while the formation of Al 4 C 3 was detrimental to the BS. Therefore, it is just due to the counteraction and the combined effects of aforementioned two factors that the difference of BS between the composites remelted for 45 and 90 min was rather limited. Figure 7 shows the fracture surfaces of the composites thixoformed after different remelting durations. Numerous pores existed in the vicinity of the SiC particles (marked by arrows in Figure 7a ) when the remelting duration was 45 min. In contrast, the SiC particles were surrounded by the ductile matrix of the composite thixoformed after a remelting duration of 90 min and only a few pores were found at the SiC/matrix interface ( Figure 7b ). As the remelting duration increased to 120 min, no pores were found (Figure 7c) , demonstrating that the microstructure compactness was gradually improved with increasing the remelting duration. In addition, the SiC particles exhibited two-way behavior, fracture and debonding of the SiC p /Al interface, regardless of the remelting duration. These two types of behavior contributed to the concentration of stress generated during bending tests at the SiC p /Al interface [41] .
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Conclusions
The main results of this work are summarized as follows:
(1) The extension of the remelting duration could decrease the number of pores in the composite microstructure and enhance its density. The composites remelted at 90 min exhibited the optimal TC value because no excessive interfacial reaction occurred. However, further increased remelting duration could promote the formation of harmful Al 4 C 3 near the SiC p /Al interface, which could decrease the TC. 
